ABSTRACT
Introduction
Planar optical waveguides are comprised of an optically transparent guiding layer with a refractive index that is higher than the substrate layers. By careful selection of the guiding material, optical sensors based on planar waveguides are considered to be a very promising technique due to its high sensitivity and its potential for integration with sample delivery and detection systems to achieve simultaneous detection of complex environmental and medical samples (4) .
Silicon photonics is a promising approach for miniaturization of integrated photonic circuits because, due to the high index contrast between silicon and air, light is effectively confined within the silicon core (8) . Since silicon has a large refractive index and low material absorption at infrared wavelengths, it has been employed in the fabrication of a wide range of micronand submicron-optical devices. high-refractive-index silicon nanophotonic sensor platforms in various extensions have been developed, with the advantages of high sensitivity and measurement in the presence of the sample without any rinsing (9) . Waveguide sensors constructed in silicon nanophotonic platforms can have an extremely small footprint, be integrated into compact arrays, and be readily combined with fluidic components, showing promising features for potential lab-ona-chip applications (3) .
Recently, we have proposed an optical sensor by integrating a circular-hole defect with an etched diffraction grating (eDG) spectrometer based on amorphous silicon photonic platforms (7, 8) . Different from conventional silicon photonic sensors, the present design takes advantage of the resonant scattering effect between a circular-hole defect in the free propagation region (FPR) of the eDG spectrometer and the incident light with some special wavelengths, which can contribute not only to a super sensitive index measurement, but also to a principal component analysis from the near-infrared spectrum by using the same chip. in the present paper, we present several more detailed studies of both experiments and simulations in order to give a physical insight on the influence of the circular-hole defect on the performance for optical-sensing applications.
Materials and Methods
Fig. 1 presents a schematic illustration of the current spectrometer-on-chip sensor by integrating a circular-hole defect with an eDG spectrometer. As shown, the proposed chip consists of a fiber coupler, an EDG, a sensing area with a circular-hole defect and arrayed photodetectors heterogeneously integrated on top of the output silicon waveguides. light is coupled into the chip from the fiber coupler. An input single mode fiber is aligned and glued on the top of the fiber coupler, using UV-curable glue (1) . An amplified spontaneous emission (ASe) source gives a broadband unpolarized light. This unpolarized light is butt-coupled to the single mode fiber through a focusing gradient index lens. the light is guided through the input waveguide and crosses the sensing area with a circular-hole defect. next, the light is guided to the eDG spectrometer which separates and focuses the light into different wavelength channels. Finally, inGaAs photodetectors can be integrated on top of the output waveguides to measure the optical power in the corresponding channel.
in the present paper, four sensing chips, with their circularhole radii at 0.5 μm, 1.0 μm, 1.8 μm and 2.5 μm respectively, were fabricated, while other parameters were the same for all devices. the detailed fabrication and measurement process was previously described by us (7, 8) . here, a super wide band
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light source with 1200 nm to 1600 nm bandwidths was used so that we can understand the characteristics of the resonant scattering sensors more thoroughly.
Firstly, to verify the validity of the sensing chips, the refractive index of the mixture of sunflower oil methyl ester (SuMe) and diesel oil was measured. the pure SuMe has a refractive index of ~1.455. the index of the mixture sample is on the rise as the ratio of the diesel increases. When the sensing area in Fig. 1 was filled with the pure SuME, the scattering loss at different wavelengths for four chips was measured. note that, for the characterization of the effect from the circular-hole defect, another device without any defect in the FPR using the same parameters was also measured, and then the transmission loss in Fig. 2 was normalized by subtracting both measured results. in this way, the normalized spectrum removed the waveguide propagation and the grating diffraction losses, and the resonant scattering loss from the analyte was more clearly illustrated. 
Results and Discussion

Experimental analysis
As can be observed from Fig. 2 , there are different loss peaks at the calculated wavelength range for the analyte as the radius of the circular defect changes. these loss peaks are marked with "1", "2", "3" etc. for the convenience of the analysis below. Physically, the loss peaks result from resonance between the incident wavelength and the physical structure of the circularhole defect. Particularly, when R is equal to 0.5 μm (Fig. 2a) , the corresponding resonant peak is about 1.455 μm, which is exactly equal to 2nR. therefore, the resonance is very similar to the Fabry-Perot (F-P) cavity. This figure also shows that there occur more resonant peaks as the radius increases in the wavelength range (1200-1600) nm, which means that a high free spectral range can be obtained by selecting a small defect radius. Furthermore, for a large defect radius (e.g. 2.5 μm), the value of the peak loss is so small that the signal intensity for sensing applications is seriously deteriorated.
When the mixture analyte is filled into the circularhole defect with different radii, the change of the resonant scattering wavelength with the increase of refractive index can be measured. For the convenience of comparison for the four devices, the results were normalized by subtracting the actual resonant wavelength (λ) with the central resonant wavelength (λ c ). Fig. 3 shows that the normalized resonant scattering wavelength varies as the refractive index of the analyte increases, using the parameters obtained from the five loss peaks marked in Fig. 2 . With view of the similar curve shapes from peak "5" to "8", only the curve of peak "6" is given as an example to more clearly compare with other peaks with different defect sizes. the case with R = 0.5 μm (i.e. Peak "1") is represented in the curve marked with pentagrams in Fig. 3 , where a low slope (~1000 nm/RiU) can be seen, due to its F-P cavity behavior. For other resonant peaks, the slopes of curves, corresponding to the sensitivities for optical sensing applications, are much larger than that of resonant peak "1". A circular-hole defect with a larger radius could probably lead to the appearance of multiple resonances so that a slight change of the refractive index can considerably influence the resonance spectrum. For example, the resonance marked with inverse triangles (i.e. Peak "6") in Fig. 3 can contribute to the sensitivity up to ~12450 nm/RiU.
Previously, it was considered that the spectral position of the resonant scattering peak shifts linearly with the refractive index of the sensed analyte (7, 8) . in the present measurements, we found, in fact, that the shift nonlinearly increases, when a larger wavelength range is considered. in the nonlinear section of the curves shown in Fig. 3 , the same analyte index can result in two different resonant peaks. Fig. 4 shows that the loss in the measured wavelength range varies at three different sample indices when the radius of the defect is equal to 1.8 μm. Since an ~1.4574 index (see the dashed line in Fig. 4 ) exists in the linear region of the curve in Fig. 3 , the resonant scattering peak linearly shifts towards the long wavelengths without any shape changes (e.g. bandwidth). however, for a larger index of the sample (i.e. 1.4616 shown in the dash-dot line in Fig. 4) , a remarkable peak splitting happens, which results in the nonlinear region of curves in Fig. 3 . Physically, we can consider the peak splitting as a special optical bistable phenomenon. Moreover, it was found that the interval between the bistable resonant peaks will change as the index of the analyte varies. therefore, the sensing application based on the resonant scattering can only be carried out in a limited range of the refractive index change of analytes depending on the defect size, in order to obtain a linear response. Fig. 3 also indicates that the linear range of calculated curves has an inverse variation tendency as the defect size increases, compared with the sensitivity characteristics (i.e. the slope of curves in Fig. 3) . thus, the large defect size will narrow down the linear range by all means, namely, the available sensing range decreases. More interesting results were found for the curve marked with inverse triangles in Fig. 3 , where two resonant wavelengths exist for the same sample index when the wavelength shift is larger than ±50 nm. this could indicate that the overlapping between two adjacent free spectral ranges for the resonant behavior will occur when the extremes of the linear sensing range are used. Numerical analysis A fast analysis method has previously been proposed by us, to analyze the effect of circular-hole defects on sensing applications, using modified Green's tensor, which is a solution to a point source of the wave equation (6) . Based on the same method, the influence of a slight non-circularity on the sensing application can be characterized. When the defect is elliptical, the radius along the optical axis is maintained at 1.0 μm to calculate the normalized scattering loss at different wavelengths as the radius perpendicular to the optical axis changes (Fig. 5) . it can be seen that the resonant wavelength shifts ~5 nm towards the long wavelengths, when the radius is decreased from 1.0 μm to 0.93 μm, also along with a slight drop of the resonant peak loss. 6 shows that the normalized resonant scattering wavelength varies as the refractive index of the analyte increases for a single elliptical-hole defect with variable radius of the vertical axis. obviously, the sensitivity slightly changes in the calculated change range of the radius. in other words, a slight ellipticity has limited influence on the sensitivity. Final remarks it was shown that a circular-hole defect integrated with an eDG spectrometer is very sensitive to the refractive index of filled samples. The new planar chip is suitable for a wide range of optical sensing applications, and is also superior to a conventional index sensor especially for a low refractive index change. the property of the resonant scattering was effectively characterized for the sensing applications. it was demonstrated that different defect sizes can result in different resonant peaks, explaining the mechanism for the resonant behavior. the results showed that a larger defect radius can lead to a higher sensitivity for sensing applications. however, a larger defect radius also narrows down the free spectral range and the linear sensing range, and consequently, the available measured range for the refractive index change will be reduced. the effect of a slight ellipticity of the defect to the performance of the sensing chip was numerically analyzed. As the radius perpendicular to the propagation direction decreases, the resonant wavelength will shift slightly to a longer wavelength. the numerical results indicate that a ~70 nm ellipticity (i.e. the deviation degree between the long and the short radius) has very limited influence on the deterioration of the sensitivity.
in the present paper, only bulk sensing experiments were carried out based on the proposed chip. For biosensing applications (2, 10), surface chemistry treatment usually needs to be carried out to contribute to a specific detection. However, because of the time-limiting reason, the treatment was not performed in this work. however, a similar work based on a silicon nanophotonic platform has been successfully studied previously (5) , where the radius of operational sensing elements (i.e. the micro-ring) is equal to that of the circularhole defect in our sensing chip. We will refer to these works and apply our chips for specific biosensing in the future.
Conclusions
Detailed studies were carried out in order to give a physical insight on the influence of the circular-hole defect on the performance of a super-sensitive optical biosensor with a spectrometer on a chip, previously developed by us. it was obtained that there is a free spectral range for the resonant scattering behavior and a limited linear sensitivity range for optical sensing applications in terms of the defect size. it was also shown that a slight ellipticity has limited influence on the operational sensitivity. The application of our chips for specific biosensing will be subject to future works.
